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Correlative transmission electron microscopy and electrical properties study of switchable phase-change random access memory line cells INTRODUCTION After being a success in rewritable optical disk technology, well-known from the CD, DVD, and BluRay Disk formats, phase-change materials also appear to have a bright future in fully electrical solid-state memory mainly to replace the currently popular Flash memory. [1] [2] [3] [4] Still, for this socalled Phase-change Random Access Memory (PRAM) to become a robust memory technology, reliability issues have to be addressed, which require an improved understanding of the relationship between nanostructure and the properties of actual PRAM cells. A suitable technique for establishing this relation is Transmission Electron Microscopy (TEM). Ideally, the electrical switching and characterization are combined employing in situ TEM observations. Recent examples of this approach, although not applied to actual memory cells, are provided in Refs. 5-8. However, the disadvantage of such a direct approach is that locally the PRAM cell (i.e., the layers above and below the active phase-change medium) has to be thinned to a typical thickness of 100 nm in order to allow for TEM imaging. This reduced thickness generally alters the thermal properties and thereby also the electrical properties of the PRAM cells, i.e., the cells in a memory will not behave the same as the in situ analyzed cells. In order to avoid these effects we performed in a previous work electrical characterization on real memory cells and brought these cells to certain well defined final states and then prepared (locally thinned) the cells such that they could be analyzed by TEM. 9 In this way, we were able to establish and understand nanostructure property relations for actual memory cells.
In the present work, we focus on the same line cell memories that can be imaged in the TEM, but now they can be still switched and characterized electrically and thus include the drawback of the altered properties due to thinning of the actual memory. It is shown that, despite the large thickness of the TEM samples used to minimize changes in thermal environment, which leads to TEM images with deteriorated resolution and contrast, still the behavior for such a memory cell in a thinned TEM sample is not the same as for the original cell in the bulk. This also shows that work performed such as in Ref. 7 on thin samples is of limited value for actual memory cells. Moreover, earlier in situ electrical switching TEM studies of phase-change materials all concentrated on the most popular phase change material Ge 2 Sb 2 Te 5 , 4-8 that can be typified as a nucleation dominant material. 10, 11 In contrast, here we analyze a so-called fastgrowth type material, i.e., (Ge,In) doped SbTe alloy. Thermal erasure of an amorphous mark in this type of material does not depend on nucleation, but only on (re)growth from the crystalline rim. However, during electrically driven erasure, after threshold switching, crystalline filaments are expected to play a crucial role.
Extensive electrical characterization of these line cells has been performed (see, e.g., Refs. 2, [12] [13] [14] [15] [16] [17] much lesser extent TEM images have been recorded of post mortem PRAM line cells (see, e.g., Refs. 9, 12, and 18). The main motivation to pursue this goal of observing in situ switchable PRAM cell is that correlative studies of TEM imaging and electrical switching and characterization of PRAM line cells are lacking. Still, for answering many open questions concerning PRAM cells, correlative research on switchable PRAM TEM samples is required. The great potential of this approach has been demonstrated recently for phase-change nanowires. 8 To give a few examples of open questions: (1) It is still not fully known how the amorphous mark is erased during the crystallization pulse, i.e., if nanoscale crystalline filaments are formed first or that the crystallization front proceeds uniformly or in another manner. (2) Cyclability of the memory is limited by decomposition of the phase-change material (PCM) and by electromigration. These processes are not properly observed and understood for nanoscale PCM cells. 9, 16, [19] [20] [21] [22] [23] [24] (3) The transformation from the crystalline to the amorphous phase is associated with a volumetric expansion of about 6%. 25, 26 Since the phase-change material is completely encapsulated, this volumetric expansion will create large stresses within the PCM. In return, these stresses influence the crystallization process; this is not properly understood. 27,28 (4) The relations between amorphous mark length and resistance or threshold voltage tend to be proportional, but for detailed studies of these relations correlative research on switchable PRAM TEM samples is needed. 9, 16 The present work contributes to answering questions 1 and 4.
RESULTS AND DISCUSSION
PRAM line cells, where the active phase-change material has a thickness of 15 nm, were processed using Focused Ion Beam (FIB) systems (see electronic supplementary information 30 for the details) in such a way that they could be observed in the TEM and still could be switched and characterized electrically. An overview light microscopy image of such a prepared cell is show in Figure S4 of the supplementary information, 30 indicating the locally thinned region around the line cell and the two bond pads that were used for making the electrical connection. Note that the FIB preparation was performed in various steps (see supplementary information 30 ), where in a first step the Si substrate was removed completely over a large area also underneath the bond pads. This made it difficult to contact the bond pads with a probe system without puncturing the thin membrane. Still, relevant switching experiments could be performed on such a line cell where the electrical properties could be correlated with TEM images. In order to understand the results, the overview TEM image shown in Figure 1 (a) is required. It shows that the line cell still has proper electrical contacts on both sides, but these metallic contacts as imaged black in the TEM image show 90 turn connections only towards the upper side in the image. The analogous 90 turn connections which should be observable at the lower side in the image are absent, because apparently they have been removed during the FIB process only leaving at this location a thin SiO 2 region. This makes the electrical connection to the line cell asymmetric. Another asymmetry that can be observed in the image is that a hole is present only near the top side of the image (most bright region). Figure 2 summarizes the central results, i.e., showing TEM images for a switching experiment allowing a unique direct correlation between TEM images and electrical characterization and switching. The contrast is limited, because only a 15 nm phase-change film is present in a sample with a total thickness near to 200 nm. Fig. 2 (a) image shows the initial state of the cell after preparation indicating that the cell is in the fully crystalline SET state. This is in agreement with the measured resistance of the cell of 2.0 kX (reading voltage 0.2 V). This resistance is about the same as the one measured for line cells in the original (thick) memory. Fig. 2(b) shows the structure of the line cell after a 50 ns 4.8 V RESET pulse was applied. It can be observed that this pulse successfully produced an amorphous mark (outlined blue) in the cell. However, another interesting feature can be observed, because the comparison between Figs. 2(a) and 2(b) indicates that a much larger part of the line cell was molten during the RESET pulse (blue þ red regions). The 
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Oosthoek et al. region outlined red must have been recrystallized during (insufficiently fast) cooling. The corresponding resistance of the line cell with the amorphous mark (outlined blue) is 1.0 MX. This resistance value, that is 500 times larger than of the initial SET state, indeed proves that an amorphous mark must be present, but this value is about a factor 5 to 10 lower than the RESET resistance normally measured for the same line cells in a memory that has not been thinned for TEM imaging. This demonstrates that the amorphous mark is much smaller than usual and corroborates the observation that a larger part of the line cell was molten but also recrystallized due to slower cooling. The reason that a smaller amorphous mark is obtained than the region molten during the RESET pulse is straightforward. Due to the FIB preparation, most of the volume surrounding the line cell has been removed and therefore the heat produced in the line cell due to Joule heating during the RESET pulse cannot be conducted as effective to the surroundings as in a normal thick memory. Therefore, the cooling is not as fast as in the original memory. This effect in combination with the extremely high crystal growth rates that are possible in this so-called fast-growth PCM allows recrystallization in a part of the molten region. This process results in a shorter amorphous mark and a lower resistance than observed usually for the cells in a thick memory. Still, an interesting feature is that this recrystallized part has an asymmetric position that is in accordance with the asymmetric configuration of the electrical connection by the runners as was explained above. It is also evident that the hole produced by the FIB (cf. Fig. 1(a) ) is not relevant, because heat can still be conducted effectively along the hole by the runners. Therefore, it may be concluded that the PRAM line cell operation is not seriously affected when most of the volume surrounding the line cell is removed by FIB as long as the complete electrical connection to the line cell is preserved and not damaged by the FIB process.
The amorphous mark observable in the Fig. 2 (b) could be erased by a 200 ns 2.8 V SET pulse, i.e., the observed threshold voltage was 2.8 V. The result of this operation is shown in Fig. 2(c) . The corresponding line cell resistance was 2.3 kX, somewhat higher than the 2.0 kX resistance of the initial SET state shown Fig. 2(a) . Indeed, careful inspection of the TEM image shows that the amorphous mark is not completely erased and that still residual amorphous regions (outlined blue) are present. Another interesting result that can only be obtained by correlating TEM images with the observed threshold voltage is that the more relevant material specific threshold field can be determined. In order to do so, the threshold voltage has to be divided by the amorphous mark length, which is generally unknown, but now can be directly measured in the TEM image ( Fig. 2(b) ). The observed length is 250 6 20 nm giving a threshold field of 11 6 1 V/lm. In our previous work for the same PCM, a threshold field of 26 6 2 V/lm was determined. 9 In the seminal work by Lankhorst et al., 2 a threshold field for the same PCM of 14 V/lm was derived, but their data show that for short line cells the threshold field seems higher than for long ones (ranging between 20 and 10 V/lm). This indeed also seems to hold in our case, because in our previous work 9 the line cells examined had a length of 225 nm and in this chapter the length of the line cells is 800 nm. The threshold field was determined by Krebs et al. 29 for various materials giving the following values (in V/lm): 8.1 6 0.2 for Ge 15 Sb 85 , 19 6 1 for AgInSbTe alloy, and 56 6 2 for Ge 2 Sb 2 Te 5 . The present GeInSbTe alloy is most similar to their AgInSbTe alloy merely replacing the same amount of Ag by Ge and indeed the threshold fields determined in our work are also close to their value. It might be possible that the threshold field of a PCM is lowered by the defects created in the PCM during the final stages of the FIB process and even by the damage created during TEM imaging by irradiation with 200 kV electrons, where we observed (see supplementary information 30 ) that severe damage to the line cells can be easily created. Unfortunately, we were not able to test this hypothesis of electron irradiation lowering of the threshold field. The result in an earlier in-situ TEM study 7 seems to hint in this direction, because a threshold field for Ge 2 Sb 2 Te 5 as low as 4 V/lm was observed, which is an order of magnitude lower than mentioned above. 2, 29 First of all in Ref. 7 very long (>1 lm) line cells are analysed which will lower the threshold field (by not more than a factor 2), but more important is that they analysed their amorphous marks by TEM, before they applied the threshold voltage and this may have led to a further reduction in threshold field.
Since the SET state shown in Fig. 2(c) still contains some residual amorphous regions a series of 200 ns, SET pulses was applied with voltages increasing from 1 V to 4 V in steps of 0.1 V. The measured line cell resistances as a function of the voltage of these SET pulses are shown in Figure 3 . It can be observed in Fig. 3 that for pulses inbetween 1.0 and 2.6 V, the resistance remains at the initial 2.3 kX value. For pulses in-between 2.6 and 4.0 V, a gradual decrease of the resistance to 2.0 kX can be observed in Fig. 3 and this is not altered anymore for pulses higher than 4.0 V. Indeed, the value of 2.0 kX corresponds to the initial fully crystalline SET state shown in Fig. 2(a) . Fig. 2(d) shows the TEM image after this complete series of 200 ns pulses (with voltages increasing to 4 V) was applied. As expected, the residual amorphous regions were removed by the series of pulses. The arrow in the bottom-right image points at such a region that has been crystallized during the series of 200 ns pulses.
It would be of great interest to repeat the complete switching cycle shown in Fig. 2 several times in order to obtain statistics and to repeat it for various line cells (e.g., with different lengths). Unfortunately, this was not possible, because the preparation method with complete removal of the Si substrate also below the bond pads made it nearly impossible to contact these pads by probe needles without destroying the sample. Still, a final interesting comparison between the results obtained in Figs. 2 and 3 and independent electrical characterization results of original PRAM cells showing much better statistics, see Figure 4 , can be made. The results of Fig. 4 hold for 700 nm long line cells and show the development of the SET resistance when SET pulses with gradually increasing currents are used. Two types of behavior can be observed in Fig. 4 , which we will call normal and anomalous behavior, respectively:
(1) Normal behavior with a gradual reduction of SET resistance with increasing pulse height (see filled square and triangle symbols in Fig. 4 ). This is typically observed when the initial amorphous RESET resistance was >2 MX or when the initial RESET pulse length used was >50 ns. (2) Anomalous behaviour with a sudden drop of the resistance to approximately 2 kX (see crosses and open circle symbols in Fig. 4 ). This is observed when the initial amorphous RESET resistance was <2 MX and the initial RESET pulse length was equal to 50 ns. In both cases, the current required for (partial) switching to the SET state is much lower than needed to uniformly heat the full cross-section of the line to 600-700 K. This suggests a kind of crystalline filament formation in the amorphous mark to explain the results of Fig. 4 . Representative TEM images of line cells in the initial RESET state that gives rise to the two types of SET behaviour are presented in Figure 5 , where the top image shows an example of a cell giving anomalous behaviour and the bottom one holds for normal behaviour.
The comparison between the amorphous mark observable in Fig. 2(b) with the ones observable in Fig. 5 indicates that a similar SET behavior is expected as in the top image of Fig. 5 , i.e., anomalous behavior. Indeed, this is observed; also compare Fig. 3 with Fig. 4 . In Fig. 3 , the sudden drop is from 1.0 MX to 2.3 kX and then a small decrease to 2.0 kX. In Fig. 4 , the sudden drop is to 2.0 kX and then a small decrease to about 1.4 kX. These results, including Fig. 2(c) , seem to indicate that in case of the anomalous SET behavior, a kind of massive crystalline filament is formed that consumes most of the width of the amorphous mark explaining the sudden drop to low resistance values during the SET operation. This only leaves minor residual amorphous regions, which explains the small resistance decrease that is possible with increasing SET currents. The normal SET behavior should then occur with crystalline filament(s) having large aspect ratio between length and width. Only in this case a relatively high initial SET resistance of 7 kX is expected that can be still reduced gradually and largely to about 1.5 kX by a continuously increasing width of the crystalline filament(s) until the whole amorphous mark has been crystallized. Unfortunately, formation of these high aspect ratio crystalline filament(s) with their gradual lateral growth was not observed by us in any TEM image, also due to the altered thermal behavior of the sample due to removal of surrounding material for TEM sample preparation. This altered behavior suppresses the possibility to observe high aspect ratio crystalline filaments. Still, support for this scenario comes from the following simple model.
We start by stating that the power density p cryst required to crystallize a filament of length L and cross-sectional area A should be independent of A and can be written as
with J the current density, which can be described by
with I the total current that is running through the line cell (which in principle only runs through the crystalline filament, because the amorphous surroundings have much higher resistance) and q the resistivity of the crystalline filament which can be described by
Now by extracting the cross-sectional area A from Eq. (3), substituting it in Eq. (2) and then plugging the result in Eq. (1) gives
Because in our experiment the length of the crystalline filament is determined by the amorphous mark length and does not change in a first order approximation when increasing the SET current pulse and we also assume that the resistivity of the crystalline filament remains constant, then the result in Eq. (4) demonstrates that the product of the current I and the resistance R should be constant and thus indicates a hyperbolic behavior. Indeed, the black dashed line in Fig. 4 , describing a hyperbolic behavior, matches the experimental data for the normal SET behavior rather well and thus suggests that the normal SET behavior occurs by formation of crystalline filaments which subsequently only grow in the lateral direction until the whole amorphous mark is crystallized. Thinning actual memory cells such that they can be observed in the TEM tends to shift the SET behavior towards the anomalous behavior, because due to the associated reduction in cooling rate the formation of high aspect ratio crystalline filaments is hampered in favor of more massive crystallization as we already observed in Fig. 2(c) .
CONCLUSIONS
PRAM cells were processed in such a way that they could be observed in the TEM but still could be addressed and thus be switched and characterized electrically. A FIG. 5. TEM images of 700 nm long line cells in the RESET state showing on top a line cell with a small amorphous mark with nonuniform shape corresponding to a low resistance of 1.4 MX and at the bottom a line cell with a large amorphous mark with uniform filling of the line. Note that these FIB prepared TEM samples were not prepared according to a method that still allows electrical access to the line cells, but were produced according to the method described in Ref. 9. drawback of the processing method used is that it was difficult to probe the cells, because the silicon was completely removed from the back also below the bond pads. The delicate membrane that remained after removal of the silicon was easily punctured by the probe needles. Still, interesting results have been obtained, where electrical properties could be related to the TEM images. It was found that crystallization initiates from a narrow channel with amorphous marks still present on both sides. The cell could be crystallized completely by applying higher energy SET pulses. Furthermore, it was found that the PRAM cell processed for TEM observation could not be brought to a resistance as high as unprocessed cells. This was related to recrystallization of the molten region during the melt-quench phase. Since a lot of material, particularly a part of the electrical connection, was removed to allow for TEM observation, the heat dissipation is impacted. Therefore, it takes longer for the temperature of the active phase-change material to cool, leading to re-crystallization. This was clearly supported by the TEM observation and proves that more material was molten than the region that became amorphous.
Comparison with detailed electrical characterization showed two types of behavior for the relation between SET resistance and SET current when SET pulses with gradually increasing currents are used. The normal behavior holds for relatively long amorphous marks, showing a hyperbolic dependence between SET resistance and SET current, indicating a switching mechanism based on initially long and thin crystalline filaments which thicken gradually. The anomalous behavior we observed in our TEM switching experiment holds for relatively short amorphous marks, where initially directly a massive crystalline filament is formed that consumes most of the width of the amorphous mark only leaving minor residual amorphous regions at its edges. Despite our relatively thick TEM samples, the TEM sample preparation reduces the probability to observe high aspect ratio crystalline filaments. It shows that it is a great challenge to produce electrically switchable TEM specimen in which the memory cells behave the same as in their original better encapsulated state.
